In a search for novel developmental genes expressed in a spatially restricted pattern in dorsal ectoderm of Xenopus we have identified XAG-2, a cement gland-specific gene with a putative role in ectodermal patterning. XAG-2 encodes a secreted protein, which is expressed in the anterior region of dorsal ectoderm from late gastrula stages onwards. Activation of XAG-2 transcription is observed in response to organizer-secreted molecules including the noggin, chordin, follistatin and cerberus gene products. Overexpression of XAG-2 but not of the related cement gland marker XAG-1 induces both cement gland differentiation and expression of anterior neural marker genes in the absence of mesoderm formation. Further, we show that XAG-2 signaling depends on an intact fibroblast growth factor (FGF) signal transduction pathway and that XAG-2-induced anterior neural fate of ectodermal cells can be transformed to a more posterior character by retinoic acid. Based on these findings we propose a role for XAG-2 in the specification of dorsoanterior ectodermal fate, i.e. in the formation of cement gland and induction of forebrain fate of Xenopus.
Introduction
In amphibians, neural development of embryonic ectoderm is initiated by signals from the dorsal blastopore lip, which, if transplanted to the ventral side of a host embryo, is able to induce the host ectoderm to form a patterned secondary nervous system, while the graft itself mainly gives rise to mesoderm (Spemann and Mangold, 1924) . Based on the ability of the dorsal blastopore lip to induce and pattern a secondary axis, this region was termed Spemann's organizer (reviewed in Grunz, 1997) .
Presently, three secreted proteins, noggin (Lamb et al., 1993) , chordin (Sasai et al., 1995) and follistatin (HemmatiBrivanlou et al., 1994) , which are all expressed in the organizer, have been shown to directly induce anterior neural development of embryonic ectoderm making these molecules good candidates for bona fide inducers of anterior neural structures.
Further, it could be shown that both overexpression of a dominant negative form of a receptor for activin (HemmatiBrivanlou and Melton, 1994) and BMP-4 (Sasai et al., 1995) can trigger anterior neural development of ectodermal cells, which otherwise would form epidermis. This finding, together with the observation that delayed reaggregation of ectodermal cells results in neural differentiation (Grunz and Tacke, 1989; Grunz and Tacke, 1990) , led to the idea that neural induction depends on an inhibition of an endogenous inhibitor of neural development, possibly BMP-4. In keeping with this model, noggin as well as chordin protein have been shown to directly bind to the epidermal inducer BMP-4 with high affinity, thereby inhibiting BMP-4 signaling in ectodermal cells Zimmerman et al., 1996) . Consequently, dorsal ectodermal cells exposed to organizer-secreted antagonists of BMP-4 will undergo anterior neural development, while ventral ectodermal cells will give rise to epidermis in response to BMP-4 signaling (Wilson and Hemmati-Brivanlou, 1995) .
Recently, another secreted protein with potent forebraininducing activity has been identified. Cerberus is expressed in the leading edge of involuting endomesoderm and mimics the head-inducing activity of the early organizer by its ability to induce ectopic head formation when overexpressed in Xenopus embryos. (Bouwmeester et al., 1996) . An interesting common feature of all neural inducers described above is that they are solely able to induce neural tissue of anterior character as assayed by their ability to induce anterior but not posterior neural marker genes. This poses the problem of how the defined anterior-posterior pattern of the central nervous system is generated. According to the two-step model proposed by Nieuwkoop (1952a,b) , a signal termed 'activation' induces neural tissue of anterior character, which later is modified to a more posterior type by a signal termed 'transformation'. Hence, molecules such as noggin, chordin, follistatin and cerberus, which induce neural tissue of anterior character, are good candidates for mediators of the activation step. In addition, loss-of-function studies in mice have provided persuasive evidence for an essential role of the homeodomain transcription factors otx2 and lim-l in head formation as targeted disruption of either gene results in the loss of prosencephalon, mesencephalon and anterior hindbrain structures (Acampora et al., 1995; Matsuo et al., 1995; Shawlot and Behringer, 1995; Ang et al., 1996) .
Candidates for the transformation signal include bFGF and retinoic acid (RA) (reviewed by Sasai and De Robertis, 1997) . For instance, bFGF is able to posteriorize anterior neural tissue induced by noggin or chordin protein (Lamb and Harland, 1995; Sasai et al., 1996) . In addition, the prospective forebrain region can be transformed into hindbrain character by addition of bFGF (Cox and Hemmati-Brivanlou, 1995) .
RA has been demonstrated to cause posterior transformations at the expense of anterior structures (Ruiz i Altaba and Jessel, 1991; Sive and Cheng, 1991) . Recent experiments using a dominant negative and a constitutively active form of an RA-receptor, respectively, provided further evidence for the crucial role of RA in the transformation of anterior neural tissue (Blumberg et al., 1997) .
Despite these recent discoveries of neural patterning principles our understanding of the molecular signals within the neuroectoderm that govern the establishment of a precise anterior-posterior pattern of the embryonic nervous system is still in its infancy, with the exception of the midbrainhindbrain organizing region at the isthmic constriction between the mesencephalic and rhombencephalic vesicles (for review see Joyner, 1996) .
In order to gain more insight into the mechanisms underlying anterior-posterior pattern formation in the neural plate, we set up a subtractive screening approach to identify novel genes specifically expressed in the prospective neural plate of Xenopus. In particular, we have focused on putative secreted factors with a spatially defined expression pattern in dorsal ectoderm, since this might enable us to discover new signaling centers involved in pattern formation of the neuroectoderm.
We report here the expression and biological properties of the secreted protein XAG-2, which has been identified during the course of this screen. This gene is expressed from late gastrula stages on in the anterior-most region of dorsal ectoderm. We show that XAG-2 is positively regulated by neuralizing signals emanating from the organizer region and that XAG-2, but not the related cement gland marker XAG-1, can induce anterior neural fate in vitro as well as in vivo. Based on the observations presented in this publication we propose an involvement of XAG-2 in the specification of anterior ectodermal derivatives such as cement gland and forebrain.
Results

Identification of XAG-2 a secreted protein related to XAG-1
For subtraction we used cDNA from neural plate explants as a tester and RNA from embryos lacking the neural plate as a driver (Sargent and Dawid, 1983; Richter et al., 1988; Lassar et al., 1986) . Single-stranded radioactively labeled cDNAs were hybridized to a Xenopus neurula cDNA library and positive clones were tested for neural plate-specific expression by whole-mount in situ hybridization (Harland, 1991) .
One of these cDNA clones, first designated np77, (GenBank accession number U82110), which displayed a spatially restricted expression pattern in dorsal ectoderm, contained an insert of 1946 base pairs. Translation of the single open-reading frame revealed a protein of 185 amino acids with a putative hydrophobic signal sequence from amino acid positions 1-18 as calculated by the signal sequence prediction method developed by Nielsen and coworkers (Nielsen et al., 1997) .
Sequence comparison of np77 protein with various databases (Pearson and Lipman, 1988) such as Genbank revealed that the protein is 88% identical to the Xenopus cement gland-specific gene XAG-1 with relatively low sequence similarity within the first 40 N-terminal amino acids ( Fig. 1) and 100% identical to another sequence entry (Genbank accession number AF025474) that has not yet been described in any detail (Sive et al., 1989) . For reasons of the high degree of sequence identity between np77 and XAG-1 and for the sake of simplicity, we decided to rename np77 to XAG-2. Our report here represents the first detailed analysis of XAG-2 expression and its biological properties during early development of Xenopus laevis. By virtue of the pseudotetraploid genetic situation in Xenopus and the high degree of amino acid sequence identity between XAG-1 and XAG-2, it is conceivable that these genes represent putative pseudoalleles. However, our comparative functional studies on XAG-1 and XAG-2 unambiguously show that XAG-2 but not XAG-1 is likely to be involved in anterior specification of embryonic ectoderm (see below). It is this intriguing finding that makes a detailed study on expression characteristics and the control of transcriptional activation of XAG-2, as described in the following, essential in order to elucidate the role of XAG-2 in early vertebrate development.
XAG-2 encodes a secreted protein
The presence of a stretch of mainly hydrophobic amino acids at the N-terminus of putative XAG-2 protein suggests that XAG-2 codes for a secreted protein. To test whether XAG-2 protein is secreted from cells, RNA for XAG-2 was injected into full-grown Xenopus oocytes, which were further cultured in the presence of 35 S-labeled l-methionine to label the resulting translation products. As depicted in Fig. 2 , XAG-2 injected oocytes synthesize a major protein of about 18.5 kDa (indicated by an asterisk), suggesting that the putative signal sequence is removed from XAG-2 fulllength protein, which is 20.5 kDa in size (see in vitro translation product). In addition, a second slightly smaller translation product (arrowhead) can be detected, which is likely to derive from proteolytic processing of XAG-2 protein. Analysis of medium conditioned by XAG-2-injected oocytes reveals two distinct bands corresponding to the translation products found in XAG-2 injected oocytes. Thus, we conclude that both the major high molecular weight protein and the putative processed form of XAG-2 are secreted by Xenopus oocytes. In contrast, control oocytes injected with frame-shifted XAG-2 RNA do not secrete detectable amounts of protein.
In addition, we have tested whether processing of XAG-2 also occurs in whole embryos.
Indeed, injection of RNA coding for C-terminally myctagged XAG-2 protein results in the synthesis of a high and low molecular weight form of XAG-2 in whole embryos (data not shown), suggesting that XAG-2 protein is present in two distinct forms in vivo. This finding also argues against unspecific degradation of XAG-2 protein in oocytes, which might account for the appearance of the high and low Autoradiograph showing the protein product of in vitro translated XAG-2 RNA (ivt XAG-2), of XAG2fs injected control oocytes (cont. oocyte) and XAG-2-injected oocytes (oocyte + XAG-2). Further, the protein pattern of medium conditioned by XAG-2fs-injected oocytes (cont. medium) and medium conditioned by XAG-2-injected oocytes (XAG-2 cond. medium) is shown. Note that both the high molecular weight form of XAG-2 protein (indicated by an asterisk) and the low molecular weight form of XAG-2 (marked by an arrowhead) are found in the XAG-2 conditioned medium, while the control medium does not contain detectable amounts of these protein products. molecular weight form of XAG-2 protein in conditioned medium.
Temporal and spatial expression of XAG-2
To determine the temporal and spatial pattern of XAG-2 expression during embryogenesis, embryos of various developmental stages were subjected to whole-mount in situ hybridization using digoxigenin-labeled XAG-2 antisense RNA as a probe (Harland, 1991) . In Fig. 3A we show that at late gastrula (stage 11 3/4) XAG-2 transcripts are expressed in a spotted pattern in the anterior region of the dorsal ectoderm (embryo on the left and inset). As gastrulation proceeds, XAG-2 expression is gradually restricted to the anterior-most part of the dorsal ectoderm. At the onset of neurulation (stages 13-14) XAG-2 mRNA is located to the anterior border between dorsal and ventral ectoderm, a region that corresponds to the cement gland anlage (embryo in the middle). Sections of these embryos reveal that XAG-2 transcripts are solely localized in the outer epithelial layer of the ectoderm, which eventually will give rise to the mucussecreting cement gland (Nieuwkoop and Faber, 1967; Drysdale and Elinson, 1993) (Fig. 3B) . From stage 18 onward, XAG-2 transcripts are exclusively expressed in the cement gland (Fig. 3A , embryo on the right), with transient expression in the hatching gland during tailbud stages (data not shown). Detailed comparison of XAG-2 expression with that of XAG-1 did not reveal any significant differences in the spatial and temporal pattern of transcription, suggesting that both genes are under the control of the same or similar up-stream regulatory factors and data not shown).
To gain more insight into the dynamics of pattern formation in dorsal ectoderm, we performed double whole-mount in situ hybridizations at various developmental stages using XAG-2 and the early anterior neural marker Xcpl-1 (Richter et al., 1988; Knecht et al., 1995) as probes. As shown in Fig.  3C we find that XAG-2 transcripts are localized to the anterior-most dorsal ectoderm at late gastrula (see also Fig. 3A ), whereas Xcpl-1 transcripts are not yet detectable at that stage, indicating that XAG-2 expression precedes that of Xcpl-1 (representative for 100% of embryos tested, n = 26). These results were also confirmed by reverse transcription-polymerase chain reaction (RT-PCR) analysis (data not shown). At the transition from gastrulation to neurulation, Xcpl-1 transcription is initiated at the anterior neural ridge (Knecht et al., 1995) immediately adjacent to XAG-2 expressing cells of the anterior non-neural ectoderm such that XAG-2 and Xcpl-1-expressing cells are juxtaposed (Fig. 3D) . During neurulation, the expression domains of XAG-2 and Xcpl-1 become more clearly separated, likely because the neural folds do not abut the cement gland, which lies anterior to the olfactory placodes and stomodeal ectoderm (Fig. 3E,F) .
Expression of XAG-2 mRNA in LiCl-and UV-treated embryos
We next asked whether XAG-2 expression is associated with dorsoanterior development. Fur this purpose, embryos were either dorsalized by LiCl-treatment or ventralized by UV-irradiation and allowed to develop until sibling embryos reached stage 15 of development. XAG-2 mRNA expression was then assayed both by whole-mount in situ hybridization and RT-PCR (data not shown). As depicted in Fig. 3G , the expression domain of XAG-2 is markedly enlarged in embryos dorsalized by LiCl-treatment, when compared with XAG-2 expression in control embryos. In dorsalized embryos, expression of XAG-2 extends towards the posterior end of the embryo such that XAG-2 transcripts are localized in an arch of about 340°at the border between neural tissue and epidermis. In contrast, UV-treatment . Inset shows at a higher magnification the spotted pattern of XAG-2 expression in anterior dorsal ectoderm. At the end of gastrulation, XAG-2 transcripts are confined to the anterior border between dorsal and ventral ectoderm, a region that corresponds to the cement gland anlage (albino embryo in the middle). Pigmented wildtype embryo on the right shows specific expression of XAG-2 mRNA in the developing cement gland (white arrow) at the end of neurulation (stage 19). (B) Sagittal section through an early neurula stage embryo probed for XAG-2 mRNA. Cells highlighted by XAG-2 (blue) will give rise to the cement gland. Anterior is to the left; bar = 125 mm. (C) Double in situ hybridization of stage 12 albino embryos (anterior view) using XAG-2 and Xcpl-1 as probes. XAG-2 RNA (turquoise) is located to the anterior non-neural ectoderm while Xcpl-1 RNA cannot yet be detected. (D) Anterior view of an early neurula embryo (stage 13) stained for XAG-2 (turquoise) and Xcpl-1 (purple) RNA. Xcpl-1 RNA is localized in the anterior neural ridge immediately adjacent to the XAG-2 expression domain. Although difficult to determine by whole-mount in situ hybridization, an overlap between XAG-2 and Xcpl-1 expressing cells is not visible, suggesting that the anterior-most ectoderm is precisely patterned already at the end of gastrulation. (E-F) Anterior view of a mid-neurula stage embryo (E) and an embryo at stage 17 of development (F) stained for XAG-2 (turquoise) and Xcpl-1 (purple). The expression domains of XAG-2 and Xcpl-1 are more clearly separated at these stages with XAG-2 labeling the cement gland anlage and Xcpl-1 highlighting the anterior neural ridge. (G) Transcription of XAG-2 is enhanced by LiCl-treatment. Lateral view of early neurula stage embryos, anterior to the right. LiCl-treatment leads to ectopic activation of XAG-2 expression such that the domain of XAG-2 expressing cells extends posteriorly to the blastopore (wildtype embryo on the right), while in untreated embryos (albino embryo on the left) XAG-2 transcripts are restricted to the anterior region, only. (H) Anterior view of an early neurula embryo ventralized by UV-irradiation (embryo on the right) and an untreated control embryo (embryo on the left), each probed for XAG-2 mRNA. Note that the expression domain of XAG-2 is markedly reduced by UV-treatment when compared with the expression domain in untreated control embryos. The average DAI (Kao and Elinson, 1988) of this batch of ventralized embryos was 2-3. Abbreviations: ae, archenteron; ane, anterior neuroectoderm; bc, remnant of blastocoel; cga, cement gland anlage; ne, neuroectoderm; pcp, prechordal plate.
causes a drastic decrease in XAG-2 expression such that XAG-2 transcripts are restricted to a small patch of cells at the anterior tip of ventralized embryos ( Fig. 3H ) with an average dorsoanterior index (DAI) of about 2-3 ( Kao and Elinson, 1988) . More ventralized embryos (DAI = 1-2) display an even stronger reduction of XAG-2 expression (data not shown). As LiCl treatment has been shown to result in the formation of organizer tissue (dorsal ectoderm) at the expense of ventral mesoderm and as UV-irradiation leads to the opposite effect, we conclude that XAG-2 expression is positively regulated by organizer-derived signals.
XAG-2 transcription is activated in response to neural inducers
To investigate in more detail the signals that up-regulate XAG-2 transcription in vivo, we tested a variety of previously identified organizer-secreted inducers of neural tissue and cement gland for their ability to activate XAG-2 transcription in explanted animal caps. For this purpose, synthetic RNA coding for noggin (Smith and Harland, 1992) , a dominant negative BMP-receptor (tBR) (Suzuki et al., 1994) , chordin (Sasai et al., 1994) or cerberus (Bouwmeester et al., 1996) was injected into the animal half of early cleavage stage embryos and RNA from animal caps was subjected to RT-PCR analysis to monitor XAG-2 mRNA expression in response to these neuralizing factors.
As shown in Fig. 4 , we find that in explants overexpressing noggin, tBR, chordin or cerberus, high levels of XAG-2 transcripts can be detected, while in control explants only trace amounts of XAG-2 transcripts are present, suggesting that activation of XAG-2 expression is under the control of neuralizing signals emanating from the organizer region. It is important to note that animal caps were cultured only until early neurula stage 13, suggesting that XAG-2 expression is an early response to organizer-derived neuralizing signals. Essentially the same result was obtained when plasmid constructs encoding noggin, Xnr3 (Smith et al., 1995) and follistatin , respectively, were injected (data not shown). In addition, lack of expression of the mesodermal marker Xbra in animal caps indicates that XAG-2 activation by the factors tested is direct and not caused by the presence of mesodermal cells.
Overexpression of XAG-2 but not of XAG-1 induces ectopic cement gland formation
In Xenopus gain-of-function analysis is a powerful tool to elucidate the biological activity of developmental genes. Thus, to assess a putative role of XAG-2 during embryogenesis and to address the question of whether XAG-2 and XAG-1 share similar biological activities, RNA for XAG-1 and XAG-2, respectively, was injected into early cleavage stage embryos followed by morphological and histological analysis. Intriguingly, injection of 2 ng XAG-2 RNA but not of XAG-1 RNA results in the formation of either significantly enlarged cement glands (Fig. 5 upper left embryo) or of additional ectopic cement glands (arrowheads in Fig.  5A ,B) in 64% of the cases (n = 118; three independent experiments). By contrast, injection of XAG-1 RNA or frame-shifted XAG-2 RNA (XAG-2fs) had no influence on the size nor on the number of cement glands, when compared with wildtype embryos (Fig. 5A ) (n = 98; three experiments). Further, histological analysis of XAG-2 injected embryos unambigously confirmed the induction of extra cement gland structures, which can readily be identified by the presence of pigmented columnar cells characteristic of differentiated cement gland cells (data not shown). Based on these findings, we propose (a) that XAG-2 but not XAG-1 is involved in the process of cement gland formation and (b) that XAG-2 is likely to play a role in the establishment of the anterior-posterior pattern in Xenopus gastrula ectoderm.
To address in more detail the issue of whether XAG-2 is directly involved in the development of the cement gland, 2 ng of synthetic XAG-2 RNA was injected into the animal half of 2-4 cell stage embryos. At stage 8, animal caps were explanted and further cultured until sibling embryos reached stage 40 of development. We find that 76% of the explants overexpressing XAG-2 (n = 55) developed a morphologically differentiated cement gland, while animal cap explants injected with frame-shifted XAG-2fs RNA (n = 35) or with XAG-1 RNA (n = 37) (data not shown) did not show cement gland differentiation in any case (Fig. 5C ). Furthermore, histological analysis of XAG-2-injected animal caps Fig. 4 . RT-PCR analysis of XAG-2 expression in animal cap explants in response to neural inducing molecules such as noggin, a dominant negative BMP-receptor (tBR), chordin and cerberus. While in control explants (control) only trace amounts of XAG-2 transcripts are present, injection of RNA coding for noggin (125 pg), tBR (4 ng), chordin (200 pg) or cerberus (200 pg) results in transcriptional activation of XAG-2 in animal caps. Xbra expression was analyzed to demonstrate that no mesoderm was present. EF1-a expression served as a loading control. −RT indicates that the reverse transcriptase was omitted from this reaction; WE, RNA from whole embryos was used in this reaction.
revealed the presence of a differentiated cement gland-like structure (Fig. 5D) , while control explants formed atypical epidermis.
The specificity of XAG-2 mediated cement gland induction was assayed by injections of increasing amounts of XAG-2 RNA. As depicted in Table 1 , we find that as little as 500 pg of XAG-2 RNA is sufficient to trigger cement gland formation in 31% of the caps analyzed, while higher amounts of XAG-2 RNA ranging from 1 to 3 ng gradually increase the frequency of cement gland formation in explants.
XAG-2 but not XAG-1 induces anterior neural fate of ectodermal cells
We next wanted to analyze on a molecular level the effects of ectopic XAG-2 expression on the fate of ectodermal cells. For this purpose animal caps from embryos injected with XAG-2 RNA were cultured until siblings reached stage 24 of development and subsequently subjected to RT-PCR analysis to assess the expression of the following marker genes: Xenopus otx2, expressed in the forebrain, eyes and transiently in the cement gland (Blitz and Cho, 1995; Pannese et al., 1995) , XIF3, expressed in anterior neural tissue (Sharpe et al., 1989) , en-2, a marker for the midbrain-hindbrain region (Hemmati-Brivanlou and Harland, 1989) , Krox-20, expressed in rhombomeres 3 and 5 (Bradley et al., 1993) , Xlhbox6, a marker for the spinal cord (Wright et al., 1990) , N-CAM, a pan-neural marker (Kintner and Melton, 1987) , and muscle actin, a marker for mesoderm (Gurdon et al., 1985) .
As shown in Fig. 6A , XAG-2 induces -although at faint levels only -the expression of the pan-neural marker N-CAM as well as the expression of the anterior neural markers otx2 and XIF3. In contrast, more posterior neural markers such as En-2, Krox-20 and Xlhbox6 are not induced by XAG-2. Furthermore, we did not detect expression of the mesodermal marker muscle actin. Together, this suggests a role for XAG-2 in the induction of cement gland and anterior neural fate in the absence of mesoderm.
Since the frequency of cement gland formation in ectodermal explants correlates with the amount of XAG-2 RNA injected, we next asked whether induction of marker genes is also dose-dependent. As shown in Fig. 6B , activation of otx2 transcription by XAG-2 shows a dose-dependent behavior with 200 pg of XAG-2 RNA representing the minimum amount of RNA required for significant induction of otx2 expression. Consistently, injection of increasing amounts of XAG-2 RNA results in enhanced induction of otx2 expression, which can be considered good evidence for the specificity of XAG-2 activity.
Further, we compared on a molecular level the effect of XAG-1 and XAG-2 overexpression on the fate of ectodermal cells. Two nanograms of XAG-1 and XAG-2 RNA, respectively, were injected into the animal region of early Table 1 Cement gland induction by XAG-2 in Xenopus ectodermal explants RT-PCR analysis of animal caps injected with non-functional XAG-2fs RNA or XAG-2 RNA. Animal caps were cultured until siblings reached stage 24 of development. Explants were assayed for the expression of the panneural marker N-CAM, the anterior neural markers otx2 and XIF3, the midbrain-hindbrain marker en-2, a marker for rhombomeres 3 and 5, Krox-20, the spinal cord-specific marker Xlhbox6 and the mesodermal marker muscle actin. EF1-a was used as an internal loading control. WE, RNA from whole embryos isolated at stage 24 was used in this reaction. (B) RT-PCR analysis of otx2 expression in animal caps injected with the amount of XAG-2 RNA as indicated. Significant activation of otx2 expression in response to XAG-2 occurs at 200 pg reaching a maximum level at 1 ng of injected XAG-2 RNA. Lack of Xbra expression in explants indicates that mesoderm was not present in animal caps. (C) RT-PCR analysis of ectodermal explants isolated either from XAG-2-or XAG-1-injected embryos. Activation of the anterior neural marker genes otx2 and XANF-2 is only observed in response to XAG-2 expression, while explants from XAG-1-injected embryos do not differ from controls. In (B) and (C) ornithine decarboxylase (ODC) expression was used as a loading control. −RT, reverse transcriptase was omitted from the reaction: WE, RNA from whole embryos was used in this reaction as a positive control.
cleavage stage embryos and animal caps were subsequently isolated from injected embryos at blastula stages. The capability to activate anterior neural marker genes including otx2 and XANF-2 (Mathers et al., 1995) was then compared by RT-PCR analysis. In keeping with our gain-of-function studies in whole embryos we found that XAG-2 but not XAG-1 is able to activate anterior ectodermal marker genes (Fig. 6C) . These findings together with the results of our expression studies identify XAG-2 as a molecule with patterning activity in early neural development, while XAG-1 obviously does not play a role in this process. Next, we wanted to address the question of whether XAG-2 is able to induce ectopic marker expression in vivo. For this purpose, Xenopus albino embryos were injected into the animal region with a mixture of RNA coding for XAG-2 and nuclear b-galactosidase into one cell at the two-cell stage. As in Xenopus the first cleavage plane divides the embryo into a left and a right half, this approach allows one to deliver a given construct only to one side of an embryo, while the other uninjected side serves as an internal control. The injected side and the cells that have inherited XAG-2 RNA, respectively, can readily be identified by visualizing nuclear b-galactosidase activity. Embryos injected that way were cultured until late gastrula to early neurula stages and then subjected to whole-mount in situ hybridization. As depicted in Fig. 7A ,B, overexpression of XAG-2 in ventral ectodermal cells fated to give rise to epidermis is able to induce ectopic otx2 expression in ven- tral ectoderm, suggesting that XAG-2 signaling can convey dorsoanterior positional information to ectodermal cells in vivo. In all of the embryos examined (n = 18), ectopic otx2 expression was detected in close proximity of b-galactosidase staining cells on the ipsilateral side (Fig. 7A,B) . However, since otx2 expression is found in the anterior brain region as well as in the cement gland anlage, we cannot distinguish whether ectopic otx2 expression in ventral cells indicates a neural or solely a cement gland fate of these cells. Therefore, we next asked whether XAG-2 is capable of inducing ectopic expression of the anterior neural marker Xcpl-1, which is exclusively expressed in the anterior neural rigde juxtaposed to XAG-2 expressing cells (Knecht et al., 1995 ; see also Fig. 3D ). As can be seen in Fig. 7C ,D overexpression of XAG-2 results in ectopic activation of the neural marker Xcpl-1 in cells that normally would contribute to epidermis. Again, ectopic Xcpl-1 expressing cells are localized in close vicinity to b-galactosidase positive cells on the ipsilateral side of the embryo, only. Based on these findings we propose that in vivo XAG-2 signaling is involved in the specification of dorsoanterior ectodermal fate, i.e. in the induction of cement gland and patterning of anterior neural tissue.
XAG-2 signaling requires intact FGF-signaling pathways
Neural induction mediated by organizer-secreted factors such as noggin and chordin has recently been shown to depend on an intact FGF-signaling pathway, since overexpression of a dominant negative FGF-receptor specifically inhibits neural development of ectodermal cells treated with noggin or chordin (Launay et al., 1996; Sasai et al., 1996) . Thus, we asked whether FGF-signaling is also required for XAG-2-mediated induction of anterior neural fate. For this purpose, RNA coding for a dominant negative FGF-receptor construct (XFD) (Amaya et al., 1991) was injected along with XAG-2 RNA into the animal region of early cleavage RT-PCR analysis of ectodermal explants from embryos co-injected either with 2 ng XAG-2 and 2 ng HAV RNA or with 2 ng XAG-2 and 2 ng XFD RNA. Anterior neural markers such as XANF-2 and otx2 are only activated in XAG-2/HAV expressing animal caps, while co-expression of XAG-2/XFD results in a reduction of otx2 and XANF-2 expression to background levels. (B) Treatment of XAG-2 expressing animal caps with all-trans retinoic acid results in posterior transformation. RT-PCR analysis of uninjected animal caps treated with retinoic acid (+RA), of XAG-2 injected animal caps (+XAG-2) or of XAG-2 injected animal caps treated with retinoic acid (XAG-2 + RA). Activation of the posterior neural markers Krox20 and Xlhbox6 concomitant with reduction of XANF-2 expression demonstrates transformation of XAG-2 expressing explants in response to retinoic acid treatment. Expression of ODC was used as a loading control in (A) and (B). −RT, reverse transcriptase was omitted from the reaction; WE, RNA from sibling embryos (stages 12-13) was used for RT-PCR. stage embryos and animal caps of injected embryos were subsequently analyzed by RT-PCR. As described for noggin and chordin, we find that co-injection of XFD RNA along with XAG-2 mRNA blocks induction of anterior neural marker genes such as XANF-2 and otx2, suggesting that XAG-2 signaling requires a functional FGF-signal in ectodermal cells. By contrast, co-injection of a dominant negative receptor lacking a functional dimerization domain (HAV) (Amaya et al., 1991) did not show any inhibitory effect on XAG-2-mediated induction of the markers tested, indicating that the XFD construct acts specifically in our assay (Fig. 8A) . In addition, we assessed the expression of various mesodermal marker genes in order to exclude the possibility of indirect neural induction by XAG-2, i.e. by transient induction of mesodermal fate by XAG-2 followed by neural development of ectodermal cells. The markers tested included noggin (nog) (Smith and Harland, 1992) and goosecoid (gsc) (Cho et al., 1991) for anterior axial mesoderm, Xenopus brachyury (Xbra) and collagen II (Col II) for notochord and Xwnt8 (Christian et al., 1991; Smith and Harland, 1991) for ventral-type mesoderm. As shown in Fig. 8A , neither of the mesodermal marker genes is induced in response to XAG-2 overexpression in ectodermal cells. We therefore conclude that XAG-2 is a direct inducer of anterior neural fate of Xenopus ectoderm. Interestingly, XAG-2 overexpression does not result in activation of cephalic hedgehog nor in induction of noggin expression. This is of interest since both genes are expressed in the anterior neural ridge and either factor has been shown to induce cement gland fate and anterior neural marker genes, respectively Knecht and Harland, 1997) . By virtue of this finding it is conceivable that XAG-2 represents a downstream component of noggin-and/or cephalic hedgehogmediated induction of dorsoanterior ectodermal fate, a hypothesis that still has to be tested in additional experiments.
Retinoic acid posteriorizes anterior neuroectoderm induced by XAG-2
The establishment of the anterior-posterior pattern in the vertebrate neuroectoderm is thought to rely on two distinct signals, an early activation signal that induces neural tissue of anterior character and a second later signal termed transformation that modifies anterior neural tissue to a more posterior type such as hindbrain and spinal cord (reviewed in Sasai and De Robertis, 1997) . Numerous experiments have provided compelling evidence for an important role of retinoic acid in the transformation process of neuroectodermal cells (Ruiz i Altaba and Jessel, 1991; Sive and Cheng, 1991; Blumberg et al., 1997) . Since XAG-2 is an inducer of anterior neuroectoderm, at least on a molecular level, we next asked whether a complete anterior-posterior pattern of neural gene expression can be generated, if retinoic acid is added to XAG-2 treated ectodermal cells. To address this question, early cleavage stage embryos were injected animally with XAG-2 RNA and animal caps were isolated from injected individuals at stage 8. Explants were either left in culture medium alone or transferred to culture medium containing l.5 × 10 − 6 M all-trans retinoic acid until siblings reached stages 12-13. Subsequently, expression of the anterior neural marker XANF-2, the hindbrain marker Krox20 and a marker for the spinal cord, Xlhbox6, were analyzed by RT-PCR. As shown in Fig. 8B , treatment of XAG-2 expressing cells with retinoic acid results in activation of Krox20 and Xlhbox6 expression at the expense of XANF-2 expression, clearly demonstrating that retinoic acid is able to transform XAG-2-treated ectodermal cells to a more posterior character, a result that provides further evidence for a role of retinoic acid in the generation of an anterior-posterior pattern in vertebrate embryos.
Discussion
Secreted XAG-2 protein may specify dorsal ectoderm to acquire an anterior fate such as cement gland and forebrain
Anterior-posterior patterning in the neuroectoderm is thought to be initiated during gastrulation by signals that derive from the organizer and its derivatives, respectively. According to the two-step model of neural induction proposed by Nieuwkoop (1952a,b) , dorsal ectoderm is first induced to anterior neural tissue by a signal termed activation. Subsequently, anterior neural tissue is thought to be modified to a more posterior character by (a) late signal(s) termed transformation, probably mediated by retinoic acid or fibroblast growth factor (reviewed by Sasai and De Robertis, 1997) .
In Xenopus, induction of anterior ectodermal fate, i.e. induction of forebrain and cement gland, is likely to be a result of the activity of recently identified secreted molecules expressed in Spemann's organizer. These factors, key amongst which are noggin (Lamb et al., 1993) , chordin (Sasai et al., 1995) , follistatin and cerberus (Bouwmeester et al., 1996) , have the capacity to trigger cement gland and anterior neural tissue formation in ectodermal explants. This suggests that these molecules turn on a cascade of signaling events that lead to the establishment of dorsoanterior fate of embryonic ectoderm, likely by antagonizing the activity of an epidermal inducer such as BMP-4 Zimmerman et al., 1996) .
In the course of our experiments we have shown that XAG-2 can act as an inducer of dorsoanterior fate of ectodermal cells, similar to the organizer-derived factors mentioned above. XAG-2 expression is first activated at late gastrula stages in the anterior region of dorsal ectoderm and later, is confined exclusively to anterior non-neural ectoderm that will give rise to the cement gland. Transcrip-tion of XAG-2 can be activated in response to organizersecreted factors including noggin, chordin, follistatin and cerberus. Furthermore, overexpression of XAG-2 results in the induction of cement gland differentiation and anterior neural marker gene expression in ectodermal explants as well as in whole embryos in the absence of mesoderm formation. These findings suggest a crucial role for XAG-2 in anterior specification of embryonic ectoderm. Since XAG-2 expression is induced by organizer-derived signals, it is a good candidate for a mediator of anterior specification acting in the ectoderm downstream of BMP-4 antagonists expressed in axial mesoderm.
The development of the cement gland at the very anterior tip of Xenopus embryos is a paradigm for studying the signals involved in the establishment of the anterior-posterior axis (for comprehensive review see Sive and Bradley, 1996) . A series of elaborate experiments has demonstrated that a combination of positive and negative, that is inducing and inhibitory signals, is required in order to position the cement gland at the anterior end of the embryo. Cement gland-inducing signals were shown to emanate from involuted endomesoderm , the prechordal plate and the anterior neural plate (Yamada, 1938; Drysdale and Elinson, 1993) , while inhibitory signals were found to originate mainly in posterior axial mesoderm (Sive et al., 1989) and ventral ectoderm , which will form epidermis. Currently, two models of how the cement gland is positioned and restricted to the extreme anterior of the embryo are discussed (see Sive and Bradley, 1996) . The first and probably simplest model postulates the localization of a cement gland inducer where the cement gland forms. The second quantitative model suggests that a certain concentration of inducer is required to trigger cement gland formation at the anterior end. According to this model, low levels of inducer will result in cement gland formation, whereas high concentrations of inducer will activate the program of neural differentiation. Since XAG-2 is exclusively expressed in the cement gland primordium and since overexpression of XAG-2 is able to induce cement gland differentiation, our studies favor the first model, also referred to as the positive restriction model. Based on our findings and those of others (Sive et al., 1989; Drysdale and Elinson, 1993; Bradley et al., 1996) we postulate the following model of cement gland formation and restriction: First, expression of XAG-2 is restricted to the cement gland anlage by a combination of positive and negative signals as described by Sive and Bradley (1996) . Second, once XAG-2 expression is established at the extreme anterior of the embryo, secreted XAG-2 protein activates the cement gland differentiation program. Thus, it will be of particular interest to analyze the cis-regulatory elements of XAG-2, as this should provide important information on the molecular nature of the signals that restrict XAG-2 expression to the anterior-most region of dorsal ectoderm, and hence should help identify additional molecular components involved in anterior-posterior patterning of embryonic ectoderm.
How does XAG-2 induce cement gland formation and anterior neural fate? Recently, it was shown that the homeobox-containing gene otx2 plays a crucial role in anterior development of Xenopus as well as of mice. For instance, otx2 mutant mice display, among other defects, severe anterior truncations lacking structures such as prosencephalon, mesencephalon and anterior hindbrain, suggesting a keyrole for otx2 in vertebrate head formation (Acampora et al., 1995; Matsuo et al., 1995; Shawlot and Behringer, 1995; Ang et al., 1996) . In Xenopus, overexpression of otx2 results in the formation of ectopic cement glands as well as in the activation of anterior neural marker genes (Blitz and Cho, 1995; Pannese et al., 1995) . Intriguingly, the cement gland marker XCG has been identified as a direct target of otx2, suggesting that otx2 is directly involved in cement gland induction (Gammil and Sive, 1997) . As XAG-2 is able to induce otx2 expression in uncommitted ectoderm as well as in whole embryos, we propose that secreted XAG-2 protein triggers a signaling cascade that eventually activates otx2 transcription in anterior non-neural ectoderm, thereby leading to cement gland formation in this region of the embryo. Alternatively, the effect of XAG-2 on otx2 expression could also be indirect, since XAG-2 also induces anterior neural fate as assayed by the expression of anterior neural marker genes such as XANF-2, XIF3 and Xcpl-1. Therefore it is conceivable that cement gland formation and otx2 expression, respectively, are indirectly induced by anterior neural tissue, which at least on a molecular level, is induced in response to XAG-2 signaling and which has been shown to be a potent activator of cement gland differentiation (Drysdale and Elinson, 1993) . However, neither does XAG-2 induce the expression of cephalic hedgehog nor of noggin, both of which are factors with potent cement gland-inducing activity expressed in the anterior region of the neural plate. For this reason, we favor the model, where secreted XAG-2 protein induces cement gland formation in an autocrine way, whereas activation of XANF-2 and Xcpl-1 expression may occur in a paracrine mode, i.e. by diffusion of XAG-2 protein to juxtaposed cells of the prospective forebrain region. The latter hypothesis is also supported by the fact that XAG-2 expression precedes that of Xcpl-1 and that overexpression of XAG-2 results in ectopic activation of Xcpl-1 expression. Future experiments, however, are required to answer the question of whether XAG-2 protein can act at a distance to influence the fate of neighboring cells.
Why does XAG-2 but not XAG-1 induce cement gland and anterior neural fate?
Sequence comparison of XAG-2 protein with various databases revealed that XAG-1, a commonly used marker for cement gland (Sive et al., 1989) , is highly related (88% sequence identity at the protein level) to XAG-2. Since the Xenopus genome is considered to be pseudotetraploid, it is conceivable that XAG-1 and XAG-2 represent potential pseudoalleles rather than distinct genetic loci. Our comparative expression studies, where we were not able to detect significant differences between the spatio-temporal expression patterns of XAG-2 and XAG-1, cannot exclude a pseudoallelic situation between these two genes. However, the comparative functional analyses presented in this publication clearly show that XAG-1 does neither display cement gland inducing nor neuralizing activity. Solely overexpression of XAG-2 is able to specify anterior ectodermal fate, suggesting that XAG-1 and XAG-2 exert different biological functions during Xenopus development. As these related genes do not share identical biological activities we conclude that XAG-2 and XAG-1 are unlikely to represent pseudoalleles, although we cannot rule out this possibility at the moment. For instance, it is conceivable that after gene duplication, which has led to pseudotetraploidy of the genome of Xenopus laevis, the sequence of XAG-2 protein and its activity have been conserved throughout evolution, while XAG-1 has undergone mutations that have altered or even abolished its inducing properties. If one takes a closer look at the sequences of XAG-1 and XAG-2, it becomes obvious that the main sequence differences between these two proteins are confined to the first 40 N-terminal amino acids, while the remaining regions are more or less identical. Since we have already evidence that processing of XAG-2 protein occurs in the N-terminal region (Aberger et al., unpublished data) , it could be that XAG-1 protein is differently or insufficiently processed, when compared with XAG-2. In case that processing is essential for the inducing properties displayed by XAG-2, this would explain the differences in the biological activities between these two molecules.
Concluding remarks and perspectives
In this report we have presented evidence for a role of the cement gland-specific gene XAG-2 in patterning of anterior embryonic ectoderm, i.e. in the induction of both cement gland differentiation and anterior neural fate. A main question that has to be addressed in future experiments will be if our findings are of any relevance to higher vertebrates such as chick or mouse, which do not develop structures homologous to the cement gland of Xenopus. In mice, however, the homeobox-gene otx2 is expressed in the so-called buccopharyngeal region (Simeone et al., 1993) , at a position that can be considered analogous to the cement gland of frogs. Further, the cement gland as well as the amniote chin are innervated by the trigeminal nerve (Arey, 1966) , which might point to the existence of conserved molecular components in the anterior non-neural ectodermal region of amniotes and some amphibians. Recently, it was shown that in mice the anterior non-neural ectoderm that lies immediately anterior to the prospective forebrain region has patterning activity, as this ectodermal region is required for induction and maintenance of expression of anterior neural marker genes (Shimamura and Rubenstein, 1997) . The major goal for future experiments will therefore be to identify XAG-related genes in amniotes and mammals, and then, if they are found, to assess their expression pattern and putative function during embryogenesis. This will hopefully shed some more light on the principles of anterior-posterior patterning of vertebrate ectoderm.
Experimental procedures
Embryo manipulations and RNA injections
Albino and pigmented Xenopus laevis embryos were obtained and cultured as described previously (Aberger et al., 1997) . Staging of embryos was done according to Nieuwkoop and Faber (1967) . Hyperventralized embryos were generated by UV-irradiation from the vegetal pole 30-40 min after fertilization for 60-70 s using a transilluminator as a source of UV-light (Biometra). For hyperdorsalization, 32-cell stage embryos were incubated for 10 min in 0.3 M LiCl followed by extensive washes with culture medium. The DAI was determined according to Kao and Elinson (1988) . Injections were done at the 2-4-cell stage in 0.3× MMR + 3.5% Ficoll. DNA or RNA constructs dissolved in water were injected at a volume of 10 nl. For long-term culture injected embryos were transferred at the blastula stage into 0.15× MMR + 50 mg/ml Gentamycin (Sigma). Explantation of animal caps was done at stages 8-9 in 1× Holtfreter solution (60 mM NaCl, 0.6 mM KCl, 0.9 mM CaCl 2 , 0.2 mM NaHCO 3 ). Isolated animal caps were further cultured in 1× Holtfreter solution + 50 mg/ml Gentamycin or in 1× Holtfreter solution supplemented with 1.5 × 10 −6 M all-trans retinoic acid (Sigma) until siblings reached stage 12.
Subtractive screening
In order to isolate markers specifically expressed in the neural plate, we applied the subtractive screening technique essentially as described previously (Sargent and Dawid, 1983; Lassar et al., 1986; Richter et al., 1988) . Briefly, radiolabeled cDNA from neural plates was hybridized with a ten-fold excess of driver RNA isolated from embryos lacking the neural plate. Subsequently, neural plate-specific cDNAs were separated from cDNA-RNA hybrids by hydroxyapatite column chromatography and further used for screening of a Xenopus stage 14 cDNA library. Positive clones were further analyzed by large-scale in situ hybridization (Harland, 1991) , which was carried out in 96-well plates.
Xenopus oocyte culture
For protein secretion studies stage VI oocytes were isolated, injected and cultured as described previously (Col-man, 1984) . A total of 20 ng of either XAG-2 or XAG-2fs RNA in distilled water were injected into the vegetal region of mature oocytes at a volume of 20 nl. Pools of three oocytes were cultured in microtiter plates coated with BSA in 90 ml of oocyte culture medium (Colman, 1984) . Only pools with completely intact oocytes were further processed. For radiolabeling of synthesized protein, oocytes were cultured for 3 days at 18°C in the presence of 35 Slabeled l-methionine (ARC Inc.) at a final concentration of 1 mCi/ml. Samples were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting and exposure to X-ray film.
DNA constructs and RNA synthesis
Putative open reading frames of XAG-2 and XAG-1 (Sive et al., 1989) were PCR subcloned into pSP64TS (Krieg and Melton, 1984) . The resulting constructs were resequenced to verify the original sequence. Capped RNAs were synthesized with an SP6 mMessage mMachine Kit (Ambion) and in vitro translated with a reticulocyte lysate system (Promega) to analyze the quality of RNAs. Each construct yielded a protein of expected size as determined by SDS-PAGE. RNAs for noggin, nuclear b-galactosidase (Smith and Harland, 1991) , for dominant negative FGF-receptor XFD and control construct HAV (Amaya et al., 1991) , for chordin (Sasai et al., 1994) , for dominant negative BMP-receptor tBR (Suzuki et al., 1994) were also synthesized with the SP6 mMessage mMachine Kit (Ambion). Cerberus RNA was transcribed from linearized plasmid (Bouwmeester et al., 1996) with T3 RNA polymerase. Reactions were digested with DNaseI and purified by phenol extraction followed by precipitations with 2-propanol and LiCl. Purified synthetic RNAs were dissolved in RNase-free water and stored at −70°C.
RT-PCR analysis
RNA from animal cap explants or whole embryos was isolated using the High Pure RNA Isolation Kit (Boehringer). RT-PCR was performed essentially as described by . For PCR reactions the following primer sets were used: XAG-2 upper primer: 5′ TTTGCATGCCCTGGAACTACTCTT 3′; XAG-2 lower primer: 5′ AGCGCTTGTGCCACCTTGAAACTC 3′; cephalic hedgehog (chh) upper primer: 5′ TCCCCAACTA-CAACCCAGACATCA 3′; chh lower primer: 5′ AGACCG-GACACCCAGGGAGTTATC 3′; collagen II upper primer: 5′ AGGCTTGGCTGGTCCTCAAGGT 3′; collagen II lower primer: 5′ TGTAACGCATAGGGTCGGGTCC 3′; primer sets for N-CAM, En-2, Krox-20, Xlhbox6, EFI-a and muscle actin were as described by ; XANF-2 as published in Lai et al. (1995) ; Xwnt8 as described in Wilson and Melton (1994) ; primer sets for noggin, otx2, XIF3, Xbra, goosecoid were as listed in the Xenopus Molecular Marker Resources database (http:// vize222.zo.utexas. edu/Marker_pages/primers. html).
Whole-mount in situ hybridization and b-galactosidase staining
Localization of single mRNAs in embryos by wholemount in situ hybridization was done as described previously (Harland, 1991) with the modifications introduced by Knecht et al. (1995) . In double in situ hybridizations the first digoxigenin-labeled probe was detected using BM-purple (Boehringer) for color reaction. After inactivation of the alkaline phosphatase by 15-min incubation step in 100 mM glycine/pH 2.2 and subsequent refixation in 4% paraformaldehyde, the second fluorescein-labeled probe was detected using a 5-bromo-4-chloro-3-indolyl phosphate 4-toluidine salt (BCIP) as a substrate for alkaline phosphatase to obtain a turquoise color (Epstein et al., 1997) . To visualize bgalactosidase activity, injected albino embryos were fixed for 30 min in 4% paraformaldehyde followed by three washes in phosphate buffered saline (PBS). Embryos were then stained in a solution containing 10 mM K 3 Fe(CN) 6 , 10 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 and 1 mg/ml 5-bromo-4-chloro-3-indolyl b-d-galactopyranoside in PBS. As soon as staining became visible embryos were washed two times in PBS and refixed in 4% paraformaldehyde to stop the color reaction. Stained embryos were then subjected to whole-mount in situ hybridization.
Histological methods and imaging processing
Embryos and explants were fixed in 4% paraformaldehyde and subsequently embedded in paraplast according to standard procedures (Grunz, 1970; Kelly et al., 1991) . Sections were counterstained either with aniline-blue-orange G or with eosin (Grunz, 1983) . Photography of embryos was performed under a Nikon dissecting microscope. Sections were photographed under a Leitz-Orthoplan microscope using Kodak Ektachrom 160T professional film. 8240BIO). F.A. was in part supported by a Schroedinger post-doctoral fellowship (project no. J1514-B10).
